We investigate water infiltration pressure for hydrophobic nanochannels through molecular dynamics simulations. It is found that the entrance energy barrier significantly raises the infiltration pressure, which makes the classic Young-Laplace equation invalid for nanochannels. As the channel surface is tuned from superhydrophobic to hydrophobic, the infiltration pressure is greatly reduced mainly due to the decrease of the capillary pressure (Young-Laplace equation) caused by the contact angle change, while the contribution of the entrance energy barrier to the infiltration pressure, which is termed entrance barrier pressure, increases from 25% to 60%.
I. INTRODUCTION
Nanofluidics has attracted great interest in the past decades due to its wide applications in science and engineering, including biomolecule manipulation, thermal management of electronic devices, and energy conversion [1] [2] [3] [4] [5] . These applications benefit from the high surface-area-to-volume ratio in nanoconfinements, which offers rich opportunities to develop different flow fashions through tuning surface properties [6] [7] [8] [9] . However, nanofluidic systems may have inherent problems associated with the small size of nanoconfinements. A notable example is that a high infiltration pressure, p inf , is required to drive fluids into low-surface-energy nanochannels (e.g., hydrophobic channels). According to the classic YoungLaplace equation, the infiltration pressure per unit width for large slit channels is given by [10] 
where γ and θ are the surface tension and contact angle of the fluid, and H is the channel height. For hydrophobic channels, where θ > 90 • , as shown in Fig. 1 , Eq. (1) indicates that the infiltration pressure is three orders of magnitude higher when the channel size is reduced from micro-to nanoscale. Although Eq. (1) may not be valid for nanochannels, it has been reported that the pressure needed to drive water into carbon nanotubes (CNTs) at room temperature ranges from around 50 to 300 MPa, depending on the size of CNTs [11] [12] [13] . For nanoporous zeolite with pore size of about 1 nm, the infiltration pressure of water at room temperature is about 80-150 MPa [14, 15] . Such high infiltration pressures pose challenges for fabrication and therefore may hinder the applications of nanofluidic systems.
In the past few years, experiments and molecular dynamics (MD) simulations have been conducted to understand fluid infiltration into nanochannels. Both computed and measured infiltration pressures are higher than the predictions of Eq. (1) * mezli@ust.hk [11] [12] [13] [14] [15] [16] [17] [18] . Other than the work in Refs. [11] [12] [13] [14] [15] , experiments on water infiltration into nanoscale hydrophobic silica pores show that the infiltration pressures are about 1.5-2 times higher than the Young-Laplace equation [16] . To reduce the discrepancy between experiments and theory, Eq. (1) has been modified by incorporating a disjoining pressure [16] or column resistance [17] . It has been shown that the infiltration pressure depends on the surface properties, temperature, and geometry of nanopores [11, 12, 14, 15, [19] [20] [21] [22] [23] . Molecular dynamics simulations have mainly been used to study how the pore size and temperature affect the fluid infiltration in CNTs, where the surface properties are invariant [11, 12, 21, 22] . The general effects of surface properties have been examined by experiments, which have demonstrated that p inf can be changed through surface treatment; however, the detailed dependence of p inf on the surface properties or contact angle still remains unknown [19, 20] . Our previous work on the flows in nanochannels reveals that the molecular interactions between fluid molecules and wall atoms play a critical role and make the classic Navier-Stokes equation invalid in certain conditions [6, 24, 25] . Given the fluid, such molecular interactions are mainly dependent on the surface energy, which is also expected to be important in affecting the fluid infiltration into nanochannels because the fluid contact angle is largely determined by the surface energy. In addition, surface properties also affect the potential energy distribution at the channel entrance, which is also related to the infiltration pressure. Unfortunately, how the molecular interactions and surface properties affect the fluid infiltration pressure for hydrophobic nanochannels is unclear.
In this work, we study water infiltration into nanochannels and investigate the infiltration pressure p inf through MD simulations. It is found that the entrance energy barrier plays an important role at the nanoscale and the Young-Laplace equation [Eq. (1) ] underestimates the infiltration pressure. As the surface energy is varied and the surface is changed from superhydrophobic to hydrophobic, the pressure due to the entrance energy barrier, which is referred to as the entrance barrier pressure, drops gently; however, p inf is greatly reduced by a factor of 7 in 3 nm channels due to the decrease of contact angle. 
II. MOLECULAR DYNAMICS SIMULATIOIN
The MD simulation system consists of a reservoir and a nanochannel, as illustrated in Fig. 2 . The size of the system is 6.1 and 4.9 nm in the y and z directions, respectively. Initially, the reservoir is 9.8 nm long in the x direction. It is filled with a certain number of water molecules and constrained by two rigid walls (Fig. 2) . The nanochannel is formed by two parallel walls, which are constructed by truncating a rectangular portion from a face-centered cubic (fcc) structure with a lattice constant equal to 4.086Å. Each wall contains four atomic layers. The outmost layers are fixed to maintain a stable system, while the other interior layers are free to vibrate to account for the flexibility of the walls and control the temperature of the system. The channel height and length are 3 and 9.8 nm. Periodic boundary conditions (PBCs) are employed in the y and z directions for the water in the reservoir and in the z direction for the channel.
The extended simple point charge potential (SPC/E) is used to model water molecules [26] , which assumes a rigid tetrahedral shape for water molecules with H-O-H angle of 109.47°and a fixed O-H distance of 1Å. Initially the oxygen atoms are placed on fcc lattice sites. The positions of hydrogen atoms are determined based on the oxygen positions with rotations calculated using Hamilton's quaternions [27] . Each oxygen and hydrogen atom carry a point charge q equal to −0.8476e and 0.4238e, respectively. The potential for any two interacting water molecules, a and b, is given by where k c = 1389.5064 kJ/mol ·Å is the electrostatic constant, A = 3.428 (kJ/mol) 1/12 ·Å, B = 3.7122 (kJ/mol) 1/6 ·Å, r oo is the separation between the oxygen atoms of the two interacting water molecules, and the subscripts i and j represent the ith and j th atom (H or O) of water molecules a and b, respectively. For the conservation of the total energy, the electrostatic potential is multiplied by a termination function (MEI4) [28] to shift the electrostatic potential and force to be zero at the cutoff distance of 13Å. This scheme is found to produce similar structural and dynamic properties of bulk water to those computed by Ewald summation [29] [30] [31] . The interactions among wall atoms are modeled by the tight-binding potential, which has been well accepted for transition metals, and the parameters for Ag are used [32, 33] . The water-surface interaction is described by the Lennard-Jones (LJ) potential 6 ] between oxygen and wall atoms, where ε fw and σ fw are the fluid-wall binding energy and collision diameter. σ fw = 2.85Å is employed based on the Lorentz-Berthelot mixing rule using the self-interaction LJ parameters for oxygen and Ag given in Refs. [34, 35] , while ε fw is varied to change the water-surface interaction strength for considering the surface effects.
The equations of motion are integrated using Beeman's algorithm [36] with a time step equal to 1 fs. The O-H bond distance and the H-O-H bond angle of a water molecule are maintained by the constraint dynamics algorithm [37] . The SPC/E model is tested by calculating physical properties of water in a cube with PBCs in all the directions. The MD result for the self-diffusion coefficient of water at room temperature, D H 2 O = 2.88 × 10 −9 m 2 /s, is consistent with experimental data (2.4 × 10 −9 m 2 /s) [38] . At 300 K and 0.1 MPa, the water density and potential energy are calculated as 992 kg/m 3 and −41.7 kJ/mol, which also agree well with experiments (996.5 kg/m 3 and −41.7 kJ/mol) [39, 40] . The temperature of the system is maintained at 300 K by the Berendsen thermostat [37] , which is as accurate as the Nosé-Hoover thermostat and does not affect the numerical results because the number of molecules in the simulation system is sufficiently large [7] . Here 9708 water molecules are included in the reservoir to make the water density close to that of bulk water at 1 atm. After 20 ps relaxation, the right wall of the reservoir (Fig. 2) is removed, and the system is relaxed for another 30 ps before the left wall is moved in the positive x direction in a stepwise and quasistatic manner [21] . The left wall is moved one step of 0.3Å forward every 8 ps, such that the system has sufficiently long time to reach a new equilibrium state. By sampling a large number of water molecules in a cuboid in the reservoir, as indicated by the dashed lines in Fig. 2 , the water pressure is calculated based on the virial theorem modified for the case without PBCs [37, 41] , where ∀ is the sampling volume, M is the mass of a water molecule, N is the total number of water molecules in the cuboid, subscript i denotes the ith atom (either H or O) of water molecule α, and r and F are the mass center distance and total force between water molecules α and β or γ (γ represents the neighboring molecules outside of the sampling volume). The pressures calculated using Eq. (3) are in good agreement with those obtained by computing the total force acting on the left wall of the reservoir. To obtain the contact angle θ , water molecules are initially arranged to fill the reservoir and half of the channel. The left wall of the reservoir is kept stationary throughout the simulation. The channel is divided into many 0.7 × 0.7 × 12.3Å cuboids. At equilibrium, water density of each cuboid is averaged over 50 ps, and the meniscus of water is fitted by isopycnic lines of density ranging from 200 to 600 kg/m 3 with an increment of 100 kg/m 3 [42] . The contact angles for the isopycnic lines are obtained and the average value is considered as the contact angle. Figure 3 shows the density distribution of water in the channel and the isopycnic line of density equal to 300 kg/m 3 .
III. RESULTS AND DISCUSSION
The infiltration pressure p inf is determined by monitoring the pressure p of the reservoir and the number of water molecules infiltrated into the channel N inf at room temperature (T = 300 K). A typical plot of p versus N inf for a hydrophobic channel is depicted in Fig. 4 , where the water-surface binding energy ε fw = 30 K (the contact angle θ = 140
• , as shown later). It is seen that water molecules do not infiltrate into the channel until p reaches about 10 MPa. After that, N inf increases linearly with p till p reaches around 45 MPa, where water molecules are continuously driven into the channel while p remains almost constant. This constant pressure is referred to as the infiltration pressure p inf .
In Fig. 4 , it is clear that p inf is contributed by two parts. One is the first critical pressure (∼10 MPa), below which water infiltration does not occur. This pressure is caused by the potential energy barrier at the channel entrance due to the water-wall molecular interactions. At room temperature, the average kinetic and potential energies of water molecules are around 0.1 and −0.4 eV, respectively. This means that water molecules will have difficulty in diffusing to regions with potential higher than −0.3 eV (total energy of water molecules) without the help of external forces. Figure 5 (a) depicts the potential distribution in an xy plane near the bottom wall at the channel entrance for the case in Fig. 4 . It is seen that the potential is positive in most of the regions, which sets an energy barrier and water molecules have to overcome it to infiltrate into the channel. This critical pressure is designated as the entrance barrier pressure, p E , which can be obtained by fitting the linear part of the pressure (Fig. 4) and extrapolating it to the y axis. This gives that p E = 11.5 MPa for the case in Fig. 4 , which is about 25% of the infiltration pressure p inf . As the pressure is higher than p E , water molecules start to infiltrate into the channel and the water meniscus gradually forms, which corresponds to the linear increase part in Fig. 4 . After sufficient water molecules are driven into the channel and the water meniscus is completely formed, the pressure remains nearly a constant. This second part is caused by the surface tension, i.e. the capillary pressure, as predicted by Eq. (1) . Therefore, at the nanoscale, the entrance barrier pressure p E and the capillary pressure contribute to the infiltration pressure p inf .
Since the entrance energy barrier and capillary pressure strongly depend on the channel surface energy, the infiltration pressure p inf is obtained by tuning the surface hydrophobicity, which is realized by changing the ε fw value. Figure 6 shows p inf and contact angle θ as a function of ε fw . It is seen that p inf decreases monotonously from 48.5 to 7 MPa when ε fw is increased from 10 to 130 K, for which the contact angle θ decreases almost linearly from about 150°to 90°. The entrance barrier pressure p E is shown in Fig. 7 as ε fw is varied. It is found that p E decreases gently with increasing ε fw . This is because the entrance energy barrier drops as ε fw is raised, as illustrated in Figs the infiltration pressure p inf ranges from 25% to 60% as the contact angle is varied, which is significant. The contribution of the capillary pressure can be theoretically calculated using Eq. (1). Since water surface tension γ has been shown independent of surface energy [43] , γ = 71.6 mN/m [44, 45] is used for the water surface tension. The capillary pressures predicted by Eq. (1) based on the contact angles in Fig. 6 are shown in Fig. 7 , which, as expected, are smaller than p inf . The capillary pressure decrease with increasing ε fw in a similar manner to p inf . If the entrance barrier pressure p E is considered, the total pressure, i.e. the prediction of Eq. (1) and p E , is in good agreement with p inf computed directly from MD simulations, as shown in Fig. 7 . It is worth mentioning that the surface energy is definitely the most important factor in affecting the infiltration pressure as it controls the entrance energy barrier and contact angle. The channel structure at the entrance, channel size, and temperature may also play essential roles. All these parameters determine the critical channel size, where the Young-Laplace equation breaks down. This will be investigated in the future work.
IV. CONCLUSION
In summary, we have investigated water infiltration into hydrophobic nanochannels at room temperature. In addition to the capillary pressure, the entrance energy barrier also contributes significantly, up to 60%, to the infiltration pressure, depending on the contact angle. As the channel is tuned from superhydrophobic to hydrophobic, the infiltration pressure is greatly reduced, by a factor of seven. Such reduction is mainly caused by the capillary pressure due to the contact angle change. 
